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Multi-frequency estimates of fish abundance: constraints of rather

high frequencies
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Traditional scientitic cchiosounders operate at discrete frequencics ranging from 3% to
420 kHy. We Investigated the applicability aud sccuruey obf length-based population
cstimates wsing commercially aviilable acoustic frequencies and the iaverse approach
under ideal conditions. The ioverse approach combines medelled and measured
backseakter values to estinate the abundance of organtsms in specilied length clisses,
Reference backscilter values ol individual fish were caleututed using a Kirchhotf-rey
mode buckscatter model. Single and multi-cohort tish populations were simulated
based on length-trequency swmples Prom purse seme catches of threadlin shad
{Dorosoma petencase) and used 1o calenlate the total frequency-dependent volume
bachscutter of cuch population. A nen-negaiive least squires {NNLS) algonthm wis
used toestimule total abundance sud numbers of fish in cach length class, Total
ahundance estimates were within <1 285 of pepulation numbers, Within length-class
extimiles were inconsistent among irequency combinations and across feopth-class
criteria, Increasing the number of fregquencies does nol grantee improved aceuracy
ol within fength-cluss abundance estimates. Predictability of inverse simuofations 13
non-lineur when rather high frequencies are combined with non-maonotonic seattering
madels. Aveuriey of length-based abundunce estimates is optimized by maximizing the
amplitude range of reference backscutter measures and the number of features
identified by reference swattering pomts.
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Introduction

Harvest quotas of commercially importani fish species
are typically based on population assessments of coni-
mercial or research cateh data, These analyses require
age-~, biomass-. or length-based estmates of abundance
(c.p. Megrey, 1989 Spurre o of.. 1989). Historically,
net catches are used to obtain ubundances, biomass,
and length data but costs and lubour per saumple are
high. and samples Itom any one pear type arc rep-
resentalive o a smull portion of the water column,
Net-bavwed rescarch surveys can span the peographic
range of a stock or species but catches arc limited to
specific locutions In the survey arca. Underwaler
aeoustic technology  guantifies organism  abundance.
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biomass, and length continuously through the entire
willer coluni.

Echosounders have been used by aquatic scientists for
several decades 1o acoustically monitor distributions and
abundances of iish and zooplankton (Simmonds ef af.
1992y, Durtng this period rapid advances 1n echosounder
and computer technologies have increased the aceuracy
ol acoustic size and abundance estimates when fish and
zooplankton arc dispersed (right side. Tig. 1), Conver-
sions ol acoustiv size data 1o organism length and
ahundance estimates using tradional forward methods
are constramned by frequency-dependent scattering of
aguatic organisms, and by the ability of echosounders to
resolve single organisms within aggregations, Muany
species of aquatic organism shoal or school wl densities
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1977 Juhnson, 1977a). The inverse upproach combines
buckscatter modcel estimates of echo amplitude {from
individual organisms with acoustic data collected at
discrete fregquencies to estimate  length-bused  abun-
dances of msomtied targets (left <ide, Fig 1, Resolu-
tion of single targets iv bused on o the  lrequency-
dependent  relationship  between  target  size and
magnitude of returmed echo (Holfiday, 19720 1980,
Multifrequencey acoustic data and the inverse approach
hiase been used to map length-trequency densities of
small zooplankion (Holliday, 1980 Kleppel ¢f of.
TORN: Holliday er wf., 1989 Pleper 7 of.. 1990; Smith
ef al o 1992 Napp er el 19930 krill (Greenlaw, 1979}
and small fsh (JTohnson, 1977h; Holliday. 1980; Kalish
cf ol 19860, (o separate fish from plankton in abun-
danee estimates (Seetersdul of ol 1984 Cochrane o7 of.,
1991 and in an attempt 1o classity fish by species
{Zakharia and Sessarego, TOR2)

Previous use of the inverse approach 1o estimate
lengih-based abundunces of commeraial fish species is
limited. This can be attributed 1o the traditional use ol
nets when sumpling commercial Bsh populations, to the
restricted availability of multi-lrequency echosounders,
o the Lick of realistic bachscatter models of hsh. and 1o
logistic constraints  of  using  low-frequency  sound
sources, Greenlaw and Johnson (1983) list three critical
components needed tw maximive the precision of length-
based  gbundance estimates when using the inverse
approach: bickscatter models that incorporate organism
maorphology und belayiour, aceurate and precise back-
scalter measurements at multiple acoustic frequencics.
and Inversion with an accurate  algorithm.  Recent
advances in digital echosounder technoloyy combined
with the developiient of anatomically-based backscatter
models petentidly increases the applicability of the
inverse approach o estimate abundances off commer-
clally impaortant fish species. Holliday and Preper (1995)
stress a fourth component: that the trequencies used
must span the transition from Rayleizh o geometric
scaltering. Backscatter megsurements of fish in the
Ruyleigh region require sound sources operating at a
few hertz to o few kiloherls. Acquiring measurements
within this frequency range is logistically difficult as low
frequency {ransducers are very turge, or alternate sound
sources such as explosions must be used. Low [requency
data are rarely collected during standard lisheries sur-
veys. lo this paper we examine the feasibility of combin-
ing current Asheries acoustic technology with the inverse
approach. The anatomically -based backscatter model of
Clay and Home (1994 s used to examine influences ol
seometric scattering trequency and length-class choices
on abundance estimates of adult Ash  populations.
Threadtin shad {(Dorosonwe petenenset is used ax the
model species in this study but the methodology is
applicable o any (ish species in marine of tfreshwater
cnyvironments.
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The Inverse Approach

The premise of the inverse approach is conceptually
simple. Detuiled accounts ¢an be found in Holliday
¢1977) Greenlaw and Johnson (1983). or Dalen and
Kristensen (19%0). At any {requency i, the theoreticat
hackscatter from an ensemble of organisms C, is the sum
of the backscatlering cross-section of an animal o, in
length ¢lass j times the number of organisms nin length
cluss j over N length classes:

~

- E o, o
i

To muximize the sipnul to noise ratio of empirical data,
the munber of discrete frequencies M oshould egual or
exceed the number of lenuth classes N Measured vol-
ume seattering al each frequency is denoted by the
veetor 8, For example. backscarter data from o set of
threc frequencies divided into three length clusses can be
described as:

S,=a, n +to-n.to 0,
B.=0a N, F T TGy
S:—05ny to LN 050, 12)

Solving this set of equations for n, provides an abun-
dance cstimate of organisms in cach length class, One
technigue used to solve the cquations for N unknowns is
Lo minimize the sum of the sgquared desiations between
the caleulated € and measured acoustic scutter 8 for M
reguencies:

nl ]
%(F[S,—Q-‘J—n 3
n T
We o used the non-negative  east-sguarcs (NNLS)

lgorithm rom Lawson gand Huanson (1974 with the
constraint that negative abundances of length class are
not permitted (i n;=0 for all j). This approuch can
be applied o ensembles of conspecifics {¢.g. Kalish
ot ., 1986) or mixtures of species (e Cochrane e of..
1991}

Analysis ol acoustic data using the inverse approach
consists of a series of steps that are graphically por-
trayed in Figure 1 {left sidel. Acoustic duta from cach
frequency provides the 8, vidues. [t echoes from targets
overlap, then the inverse approach provides a direet
estimate of organism densities. Theoretical scattering
models provide values for cuch frequency i and cach
length class j. The finul step uses an inverse algorithm to
partition the lotal backscattor measured at cach fre-
quency inlo estimates of animal density in cach length
class n,.
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Inverse Simulations

Theoretical scuttering models of swimbladders and Hsh
are continuously evolving (ef. Medwin and Clay, 1997:
Yo oral, 1977 Horne and Clay, 1998, Jech er o/ 1T995)
compared predictions from three backscatter models to
measures of threadtin shad backscatter au 120, 200, and
420 kHe. Predictions from a  Kirchhott-ruy  mode
(KRM) model (Clay und lorne, 1994) paramecterized
tor shad agreed with backscatler measurements and was
Judged the most reahistic ol the three models. The KRM
model represents the hsh body as a set of Huid-filled
cvlinders surrounding a swimbladder represented by a
set ol gas-filled cylinders tsee Appendix 1), Backscalter
trom the fish body and swimbladder are added
coherently.  Frequency-dependent.  theoretical  back-
scatter predictions in this study were caleulated using a
KRM moedel based on a digitized image of a disseeted
threadfim shad (Jech of ef, 1995 In all backscatlier
caleulations we explicitly assume that the aspect angle of
all fish is zero (i, fish are orthogonal to the incident
wave [ront), that fish in ensembles are randomly distrib-
uted. and that the scattering from cach fish is accurately
measured, Backscatter amplitude s plotied as reduced
scattering length which ts 1 non-dimensional measure of
amplitude that incorporates organism length (cf. Horne
and Clay. 1998).

Theoreticat backscatter amplitudes of threadfin shad
were caleulated using the KRM model at acoustic
carricr frequencies commonly used with fisheries echo-
sounders: 38, 7L 1200 200, and 420 kHe. A reference
buackseatter matrix (i.e. o values) was caleulated al
I mm intervals over @ range of 36 112 mm total length
{T1.). This malrix is used in the calculation of total
buckscatter by ensenibles of fish (i, the Torward prob-
lem, 8 and 1o estimates of the pumber of fsh in each
length cluss tie. the imverse problem, n;).

Accuracy of within lenpth class and total fish abun-
dance estimates can not be quantificd without the use of
known fish populations. Two samples from purse scine
catches in Lake Norman, North Carolina. USA were
examined as representative populations (Schael, 1993).
These satnples were not normally distributed {Figs 2a
and b} and mean sample lengths of 32 and 61 mm
differed between the two samples (1= 7.66, p<{.0001.
df=466). As un ahlernative to using catch samples, a
Guaussian-random number generator wis used 10 gener-
ate lengrh-trequencies that represent (ish populations
with strong vear classes. Mean and variance values used
lo penerate Hsh lengths were based on length-frequency
measurements trom the purse seine samples. A single
cohort population of 1000 shad ranged in length tTom 36
1o 112 mm with a mean length of 75 mm and a standard
deviation of 12 mm (Tig. 2¢). To simulate a population
with multiple cohorts, it sample of 999 lengths was
compiled from three normally distributed samples with

mearn lengths of 50070, and 90 mm. Tish lengths in the
trimodal population ranged from 37 to 101 mm and had
a standard deviation of 16 mm (Fig, 2d).

The first step in cach simulation was 1o choose specitic
icoustiv carrier freguencies, The number of lrequencics
could range (rom three to Ave with specitic frequencies
grouped in any combination, I'or cach tfrequency used in
g simubation, the total backscatter of the population (5
vialues) was caleulated by summiing the abundance at
cach Gsh length multiphied by the backscattering cross-
section {o;;) from the KRM model at that length. The
next stwep was to choose means and ranges ot length
classes for inverse culeulations. In inserse caleulations.
all fish lengths within a length class are assumed equul to
the median length. Theretore. the backscatter matrix
used in any inversion consisted of ay; values thut corre-
sponded 1o the median length in cach length eluss at
cach trequency. Initially the number of Tength classes
wits set equal to the number of frequencies used in a dutu
simulation (.. even-determined problem). To asscss
potential improvements in abundance estimates by
increasing the number of trequencics, the same nverse
simulations were repeited with more frequencies than
length classes (1.e. over-detertnined probiem). Four cri-
teria were used to select Tength classes in the unimodal
population: (1} equal intervads across the range of fish
lengths: (2} equal intervals centred on the mean of the
population; (3} intervals partitioned by the mean and
one standard deviation from the mean length; and {4
mtervils partittened by the mean and two standard
deviations from the mean length, These length-class
eriteria were  selected  assuming  that  represeutitive
length-frequency  data could be obtained from net
samptes, All possible combinations of three. four, or five
Mreyuencies were used in cven- or over-determined simu-
lations for cach length-class criterion. [n simulations
using the trimodal popualation. we used three criteria: {1)
mtervils centred on modal lengths: (21 intervals par-
titioned at the moedes and nulls of the poputation: and
(3 length clisses centred at the mean L 12 standard
deviations. The NNLS algorithm was used to estmate
the number of fish in cach length class () values) in all
simulations,

Data simulations using the nverse approach and
known populations are designed to examine the influ-
ence ol acoustic carrier frequency and length-class
choices on length-based abundance estimates ol adult
fish. Accuracy of an inverse simulation was quaniified
using indices that measured the per capita deviance from
the known poepulation. The total population estimate
index A, measured the absolute deviance between the
predicted noand known n populations:
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The within length-class index A, summed the
ubsoiute. proportional desiunce between the predicted f
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Expected values of uli deviation indices are zero.

Results

Estimates ol total abundance closely approximated hoth
uni- and trimodal population numbers. Within length-
class abundance estimates were inconsistent among fre-
guency combinations and across lenpth-cluss criteria
{Table 1). Among unimodal simulations. total deviation
index values tmean GO78 £ 0082 <.d.. n=068) wore
smaller thun within length-class deviation index values
tmean 832 L 136sd. n=68) (Table 2). Within length-
cliss deviation index values ranged 63 fold (1.11 63.9)in

even-determined  simulations. Total deviaton  index
values were lower than within length-class index values
but still ranged over three orders of mignitude (0.004
0.377% Muld-cohort index values spanned over four
orders of magnitude in the within length-class deviation
index {(1033-90.7} and three orders of magnitude in the
total deviation index (0.002 0127,

Wwe idenufied potential “best”™ choices of acoustic
carrier frequency and length-class combinations as simu-
lations whose deviation index values were equal to or
less than one standard error ot the predicied value of 0.
Within length-class and total deviation index values
equul to or below one standard error ol all even-
determined simulations (within= 165, wotal =001y ure
murked with an asterisk in Table 2. All three within
length-cluss deviation values less than one standard
crror from three iTrequency simulations included 38, 70,
and 120 kHz, When comparable within length-class esti-
mates were caleulated Tor over-determined solutions f1.e.
tour or hve frequencies. three lengih classes), increasing
the number of frequencies 1o Your resuhted in hve



Table 1. Expected and observed, within length-class and total abundance estimaltes, Expected values are italicized, Simulations are grouped by number ol length classes and number
of frequencies, Multi-cohort simulations are fisted in the Jast colomn.

Length-class

Equal intervals

Lqual intervals

Mean + 1

Mean £ 2

crifterion ACTORS Tunge cenlred on mein standurd deviation standard deviations Modes
I'requency combination Within Total Within Totul Within Total Within Total Within Totul
Expected 3.3 {22 73 144 T 135 73v 0 f26 M) 155 70 14 2 usg 200 foidy 334 337 328 vuy
3R 70, 130 90 856 0 946 137 BI2 U L 68 B9l | U 42 918 0 GA0 3Ky 443 241 985
38, 70, 200 ECN u 0940 3 980 U 985 331 U 786 1117 49 934 0 983 317 44 268 989
38, 70, 420 02 138 BI1R 1078 299 195 578 1073 3335 727 1100 2760 B75 1151 347 333 317 99
38, 120, 200 {1 959 [V 0 Y66 G 966 0 94l 27 96K 3 90H b o968 311 430 245 986
38,120, 420 426 526 0 955 407 556 0963 44 495 0 943 U o070 239 9le 380 340 275 995
38, 200, 420 Lol TR ORI 1097 0 O UL 250 11 846 11067 0 370 TA0 L1000 335 331 332 997
70, 120, 200 294 U 97 50999 0 1ond U 1008 0 [0U8 0 883 153 1036 304 440 238 y§2
F0,EHE 420 269 351 820 260 574 0 R42 RYRE 0 R4 319 407 0 726 360 385 [94 929
70, 2040, 420 310022 833 11ed 1130 u 0 1150 34 a 0 954 167 O 1210 1377 345 326 333 1005
120, 200, 43 0300 487 8T8 0 414 455 Rog N 364 522 BEA 0 Tle 15 B21 397 303 341 1042
(rverdetermined 3, 4

38, 70, 120, 200 10 954 0 964 2] 952 0 974 24 951 0 975 17 939 0 Y76 307 433 245 985
3R, T 120, 420 248 517 (83 94B 268 5T 92 Q37 257 4Rs Za 948 131 658 124 913 353 344 297 993
3R, 70, 200, 420 288 101 19 1108 2700 70 793 1133 1017 v 0 117 206 233 682 1121 343 332 324 94y
AR, 120, 2000 420 69 426 485 980 T a0 372 4972 0 405 3T0 9IR T8 07T 826 352 342 35 999
70, 120, 200, 420 189 48T 266 942 186 543 218 v47 216 424 304 944 200 618 1 19 345 339 316 1022
Overderermined 3, 5

38, 700120, 200, 420 196 466 329 991 196 331 259 986 2100 422 362 494 102 738 Rn 925

Expected 4, 4 5S4 Al 480 St Jik FULEE 2n 474 480 200 honn

38, 70, 120. 200 149 189 old4 106 1058 520 403 0 966 221 43 612 206 1092

3870, 124, 420 i 4] 0 1168 1168 36 A2 R VK] %1 O a2 228 L]

38, 70, 200, 420 TR 44 167 410 1059 357 0D 599 1074 U0 218 1147 1365

3R, 120, 20K, 420 230 422 372 01024 25 722 0 974 1023 0 1] 3 1026

0. 120, 200, 420 0 243 749 222 1214 a 1] 0 1061 244 4 653 273 1170

Overdetermined 4, 5

3R, 70, 120, 200, 420 48 65 84 103 1019 378 s 4 974 2EO 0 608 225 1113

Fxpected 5.3 2 ZHE Ao T3F 28 I 323N 49N 200 24 ek A& 257 393 238 RITRrIY ]

3R, 70, 120, 200, 420 75 154 373 334 83 1024 24 260 404 274 46 1008 7200243 350 2260 118 1009

SIUBPHAGD Y51 fO SO IHSRBIAf- 11y
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Table 2. Expected and observed deviation index values for within length-classt and total] abundance estimates. Expected values
are itulicized. Simulations are grouped by number of length-classes and number of frequencies. Tndex values within one standard

error of { are marked with an asterisk, Multi-cohott simulations are listed in the last column.

Equal intervals Equal intervals Mean 1 Mean =2
Length-class criterion ACFOsS range cenired on mean  standard deviation  standard deviations Modes
FIT.‘qUCllC}" combination Au\i!]m\ Amt:l Av\'llhin A[n[:d Av\ilhin Alulu] ‘d'\\ ithan ﬂ‘!nr:d ‘d'v\nhin 'dmlul
Expecred 3, 3 { f f { [ f {} 4
3870, 120 1.429# 0054 1. 114% 04131 1.832 0.041 1.653 04k 0.682*  0.014
38,70, 200 9.115 .01 2289 00135 6,594 0117 1.9046 0017 0.372%  0.010*
AR T0, 420 5,552 3.078 5538 073 6179 100 53.365 0151 0.084*  Q.N02#*
38, 120,200 2307 {.041 2,307 0034 2133 0.032 20103 01034 0.397+  0.013
38, 120, 420 3771 0,045 3262 0.037 3,153 0.057 12.241 0,084 0.308%  {(LOGa*
38, 200, 40 §.209 0097 9.722 1.094 6473 0.107 3702 £.100 0.033% 0002+
70, 1245 200 2311 024 2315 0.004% 2438 0.00K* 7.724 0.036 0670* (017
70, 120, 420 2454 0.180 2216 0158 2305 0.196 12843 0.274 0.620*%  (1.060
F0. 200, 420 7.296 0.164 g.519 0.150 7.155 0.046 654923 0.377 0.081%  (L006*
1263, 200, 420 3851 122 4051 0.131 4. 106 0114 500 017 0.325%  0.043
Orerdetermined 3, 4
RN, 120, 200 RARAY. (.036 2,133 0126 2,202 0.026 1.351* 0.4124 nGIo* 0014
38, 70, 120, 420 15600 0.052 1.474% 0063 1,397#% 0.032 9.549 087 0.172%  0.006*
38, 70, 200, 420 6210 0.108 7.159 0133 7.561 0.017 40.779 0121 0.054% )%
AE, 13y 200, 420 3222 0020 2437 0022 4,376 }3.022 9.064 0.074 0.139% o*
T, 1200 200, 420 [.733 {1058 1.373* 0,053 1.900 03.056 £.045 0.181 n.0g4*  0.003*
Overdererniimed 3, 5
AR, T, 120, 200, 420 2256 0,000 1.78% 0.014 2.287 0.006% 6,449 0075 0.118% (001 *
Expected 4, 4 f} i f) 4] fi [y
38, T 120, 200 1,704 0.058 2,362 (1.034 18,484 .06
38, T, {20, 420 25.360 flas 1.6649 0027 21462 o111
38, 70, 200, 420 8,323 0.0359 4,828 0.074 58.895 0.365
38, 120, 200 420 4,459 0.024 3230 0.026 4].196 0026
70, 120, 200, 420 5416 214 8.845 0.026 22395 0.170
Cverderevmiied 4. 5
38, 70,120, 200, 420 2538 0.019 1.888 0.026 21.286 0.887
Expected 5, 5 ft ) i [ i? {1
38, 7L 120, 200, 420 170 0424 1.738 (.008* 1.611* 0.009%

[ -
n !
- i 1
+5uithin h ):1
1= ni

errot=1.65 unimodal, 7.5 trimodal,

. fi—n
A

Betul T

0.01 trimadal.

addilional frequency combinations with low deviation
index values. Over-determined solutions using five fre-
quencies and four length classes did not result in any
additional within length-class deviation values less than
onc standard error of the mean. Among even-
determined. unimodal simolations, any combination of
four frequencies did not result in deviation index values
less than one standard crror of the expected value.
Over-determined solutions for five frequencies using
four length classes decreased index values but not to
values less than the one standard error cutofl.

Within length-class index values less than 1.63 were
found in all four length-class categorics and mosi fre-
quent in the equal intervals across the length range

where 11 1s the predicted abundance and n s the known abundance in the | th length class. Standard

where 11 1s the predicted tatal abundance and n is the known total abundance, Stundard error=0.01 unimodal,

criterion (three of six cases among three length-class
simulations). Total shad population abundances were
underestimated in all six of the “best™ three frequency
simulations (Table 1). Only one of the three, five fre-
quency within length-class index valucs was less than
one standard error of the expected value.

Among mulli-cohort simulations, 11 of 12 within
length-class deviation index values were less than the
standard error. Two even-determined, five frequency
simulations increased the estimate of the within length-
class stundard error to 7.5 and due to space limitations
are reporied here rather than in Table 2. Using modes
and nulls as length-class dividers, predicted and expected
(bracketed) length-class abundances were 346 (311),
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0 (73), 0 (282), 396 (73), and 308 {280; When the
mean £ 1.2 standard deviations were used as length-class
dividers, predicled and expected abundance estiinates
were 0 (66). 396 (339}, 0 (314}, 553 (278). and 177 {2} in
the hve length classes. Corresponding within length-class
deviations indices were 6.637 and 90,657,

All five “best™ estimates of total abundance among
unimodal  simulations {s.c. <0.01) included 70 and
200 kHz (Table 1), Total abupdance deviation index
vilues were consistently low with any combination of
frequency or length-class choices. Total deviation index
values less than one standard crror did not result from
any combination of Tour lreguencies in even- or over-
determined simulations. The lowest total deviation index
value among unimodal simulations resulted from a
combination of 70 120 200 kHz carrier frequencies and
a length-class criterion of equal intervals centred on the
population mean length. Five of twelve (42%4) deviation
mdex values met the “best” total selection criterion in
multi-cohort simulations (Table 2). These five simu-
lations used three acoustic frequencies with length
classes centred at the three modes of the multi-cohort
population. Carrier frequencies 38 and 420 kHz were
common in four of these live data simulations.

Discussion

The goal of this project was straightforward. Given
five discrete acoustic frequencics available to fisherics
scientists and an anatomically-based backscatter model,
can we use the inverse approach to obtain length-based
estimates of fish abundance? Assuming that inverse
estilnates were possible, a second goal was Lo determine
the best combination of carrier frequencies and mean
fish fengths to use in inverse calculations. Early cforts
using the inverse approach and multifrequency acoustic
dala cautiomed that the accuracy of the technique was
limtted by the lack of validated backscatter models (e.g.
Holliday, 1977. Greenlaw and Johnson. 1983). This
caveat is no longer valid as an increasing number of
validated models are available for both zooplankton
{Stanton. 1988. 1989: Stanton ¢f «l, 1993a.b) and fish
{Toote, 1985: Clay and Home, 1994: Jech et &f., 1995;
Ye, 1997).

Despite the use of a validated backscatter model,
a fundamental condition of muitifrequency inverse
methods could not be met in this study. Holliday and
Picper {1995) stress that the ratio of organism sizes Lo
acoustic carrier frequencies must span the transition
from Rayleigh to geometric scattering. The transition
from Rayleigh to geometric scattering is 4 unique length-
based character of the scattering curve. The KRM
model predicls resonance among shad to range from
400 Hz for a 112 mm fish (L/2.=0.0298) 10 1.4 kHz for a
fish 36 mm in length (L/A=0.0336) (Fig. 3). Commer-
cially available echosounders rarely, if ever, bracket the

transition range from Rayleigh to peometric scattering
by commercial fish species. To obtain low frequency
backscatter measurements for inverse calculations.
Thompson and Love (1996} and Nero er ol (1997)
found that small explosives provided the optimal sound
source when estimating abundances of deep-dwelling
species. The geometric scattering region includes con-
structive and destructive interference modes but there
nay be other frequency-dependent scattering amplitudes
associaled with lenglh along non-monotonic scattering
curves.

When fish length over acoustic wavelength ratios
are constrained to the geometric scattering region. the
ability to predict accuracy of inversion results using
different frequency and tuean length combinations s not
intuitive. This lack ol predictability may be considered
the result of an ill-conditioned and ill-posed problem.
but the exercise provided insight on the choice and
interaction of three factors that influence inversion
results: mean fish lengths, acoustic carrier frequencies,
and backscatter models. Choice of mean fish lengths and
acoustic carrier frequencies are dependent on cach other.
Mcan fish lengths and carrier trequencies determine the
range and locations of reference valucs on the theoretical
backscatter curve. The location of a reference value
depends on the ratio of mean fish length to carrier
frequency wavelength (Fig. 4). All inverse simulations
that fit the “best™ deviation index criteria encompassed a
near-maximal range of backscatter amplitudes, mini-
mized the amount of overlip among relerence scattering
points. and maximized the number of features defingd
on the theoretical backscatter curve. We define a feature
of a backscatter model as 4 recognizable peak or valley
on the theoretical curve. Three reference values (local
mninimum or maximum and two inflection points) are
the minimum number of points needed o denole a
teature.

A judicious combination of acoustic carricr fre-
quencies maximizes the range of scattering amnplitudes
used in inversion calculations. Fish lengths used in
sitnulations ranged from 36 to 112 mm. These minimum
and maximum lengths determine the proportion of the
scattering curve encompassed by each frequency (Fig.
5). Since the abscissa js the ratio of fish lengih to
acoustic wavelength, larger amounts of the scattering
curve are included as carrier frequency increases. All
frequency-dependentl sections of the scattering curve
overlap with preceding and succeeding Mrequency sce-
tions. To maximize the range of scattering amplitudes
used in inverse calculations of shad abundance, two
carrier frequencies should be chosen from two ditferent
frequency pairs: 38 or 70 kHz should be combined with
120 or 200 kHz. All 15 of the “best™ within or (otal
deviation index values from unimodel simulations con-
tained 4 minimum of three of these four frequencies
{Table 2).
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Figure 4. Predicted reduced scattering lengths from the Kirchhofl-ray mode scattering model of threadtin shad ( Borosemo
perenense) plotted as a function of the ratio of fish length L to acoustic carrier wavelength 2. tor the unimodal simulated population.
(1) Reference points for the scatiering matrix formed using the length-class criterion equal intervals centred on the mean length.
and varrier frequencies 38, 70, and 120 kHz. (b) Reference points for the scattering matrix formed using the tength-class criterion
equal intervals centred on the mean length, und currier frequencies 38, 70, 120, 200, and 420 kHz,

structure is the best way to examinc cfficacy of the
inverse approach. The total number of animals and the
length-frequency distributions are not known for popu-
lations in natural environments. Modal or mean lengths
are casily obtained from net samples, but sample biases
due to net selectivily and placement in the water column
are not easily determined tor natural populations. We
calculated tolal backscatter from the population by
surnming the backscatter from cach individual. Variance
in backscatter amplitude due 10 organism behaviour
{e.g. aspcet changes), shadowing effects of ensemblces,
environmental reflectivity (e.g. thermoclines), or viol-
ation of stationarity assumptions were not included in
calculations.

The use of a single realization of the KRM bhack-
scatter model is a second initial condition that poten-
tially influences accuracy of abundance estimates. The
scattering curve used in all forward and inverse caleu-
lations is based on a single shad. Estimated backscatter
amplitudes do not include variability due 1o allometric
or ontogenetic differences among individuals. Variance
in backscatter amplitudes may “blur™ features along
the scattering curve which potentially reduces the
amount of information available 10 discriminate
among length classes. This initial condition is consist-
ent with the ideal conditions sel for this study but
warrants further examination.

We have also exclusively used the non-negative least
squares (NNLS) algorithm from Lawson and Hanson
{1974y in inverse calculations. We did not use an inverse
alporithm that incorporates a smoothing function such

as the Bakus—Gilbert algorithm {Backus and Gilbert,
19700 or regularization methods (Phillips.  1962;
Tihonov, 1963 Twomey, 1963). A NNLS is rccom-
mended as an appropriate, constrained oplimization
algorithm for both under- and over-determined prob-
lems in a variety of aquatic environments (Holliday,
1976: Greenlaw and Johnson, 1983 Holliday and
Pieper, 1995),

The influence of organism bebaviour potentially
introduces a large constraint when inverting backscat-
ter measurermnents at rather high frequencies (i.c. ka>2,
Foote. 1983). Within the pcometric scatiering region
90" of backscattered sound is reflected trom the swim-
bludder (Foote. 1980). so fish aspect relative to the
transducer face is a primary lactor in the determi-
nation of echo amplitude. In addition, the acoustic
contrast at the top surface of the swimbladder is so
large that all anatomical structure below the top sur-
face contributes little to the amplitude of backscattered
sound (cf. Fig. 8.1.2 Medwin and Clay, 1997). The
sensitivity of echo amplitude to aspect angle increases
as the ratio of fish length to acoustic wavelength
increases. We used the KRM model to estimate
threadfiu shad echo amplitudes as a function of fish
aspect 0, length L, and acoustic carrier trequency A
{Fig. 6). Fish length was set at 75 mm and reduccd
scattering length (i.e. echo amplitude standardized by
fish length} was computed for fish aspects ranging from
607 (head down} to 1007 thead up) across the frequency
range traditionally used in  fisheries  acouslic
surveys—!2 to 420 kHz. Along the fish length to
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Reduced scattering length is:

reduced scattering length [0 (A5}
scattering ke - :
£ E TL
Reduced oy, is:
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duced o= . {AD
reduced o= }
ang the reduced target strength (TS is:

Z(f

reduced TS=20 logluli T[L]J (A7)

The scattering lengths for the fish body and swimbladder
were computed individually. Whole fish scatter [+ 4]
can be computed from the fish body [¥4.(1)] and swim-
bladder [¥,il}]. Coherent scatter is assumed and thus
Lty and ¥, () add as the complex functions:

_(z"“__r(f‘):_‘/’m[ r)+"(!j\-h[ r) (AS}

Values for cquivalent cylindrical parameters and
physical variables used in the backscatter models are
givent in Jech of al. {1995).






